ABSTRACT The structure of an ATP-bound kinesin motor domain is predicted and conformational differences relative to the known ADP-bound form of the protein are identified. The differences should be attributed to force-producing ATP hydrolysis. Candidate ATP-kinesin structures were obtained by simulated annealing, by placement of the ATP ␥-phosphate in the crystal structure of ADP-kinesin, and by interatomic distance constraints. The choice of such constraints was based on mutagenesis experiments, which identified Gly-234 as one of the ␥-phosphate sensing residues, as well as on structural comparison of kinesin with the homologous nonclaret disjunctional (ncd) motor and with G-proteins. The prediction of nucleotide-dependent conformational differences reveals an allosteric coupling between the nucleotide pocket and the microtubule binding site of kinesin. Interactions of ATP with Gly-234 and Ser-202 trigger structural changes in the motor domain, the nucleotide acting as an allosteric modifier of kinesin's microtubule-binding state. We suggest that in the presence of ATP kinesin's putative microtubule binding regions L8, L12, L11, ␣4, ␣5, and ␣6 form a face complementary in shape to the microtubule surface; in the presence of ADP, the microtubule binding face adopts a more convex shape relative to the ATP-bound form, reducing kinesin's affinity to the microtubule.
INTRODUCTION
Kinesin is the founding member of a superfamily of microtubule-based motor proteins that perform force-generating tasks such as organelle transport and chromosome segregation (Barton and Goldstein, 1996; Hirokawa, 1996) . The motor can move along more than 100 tubulin subunits before dissociating from the microtubule track (Howard et al., 1989) . Kinesin advances in 8-nm increments, corresponding to the spacing between ␣/␤ tubulin subunits on the microtubule protofilament (Svoboda et al., 1993) . The metabolic energy that drives kinesins and the larger myosin and dynein motor proteins is provided in the form of ATP (Hackney, 1996) . The energy released by ATP hydrolysis is converted into directed movement after kinesin binds strongly to the microtubule (Howard, 1996; Ma and Taylor, 1997) . Recently, the crystal structures of two members of the kinesin superfamily, conventional kinesin and the kinesin-related ncd gene (nonclaret disjunctional) product from Drosophila, ncd , were reported. The discovery led to unexpected insights into structural homologies and possible evolutionary relationships between kinesins and G-proteins (Vale, 1996) and between kinesins and myosin motor proteins (Rayment, 1996; Hackney, 1996; Sellers, 1996) . The small size (Ϸ340 aa) of the kinesin motor domain renders the enzyme suitable for an investigation of the structural mechanisms that are fundamental to ATP-driven motility. This paper is concerned with the mechanism of kinesin's ␥-phosphate recognition and the conformational response to ATP-hydrolysis. Fig. 1 compares the crystal structures of the ncd and kinesin motor or head domains superimposed by their common Mg 2ϩ -ADP nucleotide. The arrowhead-shaped structures (41% sequence identity) are highly homologous. The core structural elements of the head domains (146 ␣-carbons) including a central eight-stranded ␤-sheet can be superimposed with an rms deviation of 1.2 Å . Kinesin and ncd are dimeric proteins that are each composed of two heads held together by an ␣-helical coiled coil neck region (Stewart et al., 1993; Morii et al., 1997) which is missing in the crystal structures. The polypeptides differ in their functional properties and in their composition: kinesin is a microtubule plus-end directed motor (Vale et al., 1985) which has its head attached at the N-terminus of the protein chain (Yang et al., 1990) ; ncd moves toward the microtubule minus-end Walker et al., 1990 ) and has its head at the C-terminus of the chain ). Kinesin and ncd exhibit similar kinetic properties (Lockhart and Cross, 1994; Shimizu et al., 1995; Lockhart et al., 1995; Crevel et al., 1996) as well as the same binding geometry of a single head relative to the microtubule Hirose et al., 1997) . The reversal in the direction of movement observed in an ncd-kinesin chimera indicates that the directionality is not an exclusive property of the motor domain (Henningsen and Schliwa, 1997) . Differences in motor directionality probably arise from specific interactions between the heads in the dimer. When one head is bound to the microtubule, the second, unattached head is oriented toward the microtubule plus-end in the case of kinesin, and toward the minus-end in the case of ncd (Hirose et al., 1996; Arnal et al., 1996) .
Recently, a model of ncd bound to a microtubule emerged from low-resolution electron microscopy data (Sosa et al., 1997) . The identified microtubule-binding face of ncd corresponds to kinesin's structural elements L8, L11, L12, ␣4, and ␣6, which are presented in Fig. 2 . Alanine scanning mutagenesis (Woehlke et al., 1997) suggested that the core of the microtubule-binding face is formed by loop L12 and the adjacent helix ␣5. This small region (Fig. 2 ) is believed to contribute the majority of the binding free energy in the complex. Kinesin and ncd share similar mechanisms of attachment to the microtubule. For a kinesin or ncd motor to move along the microtubule, both tightly bound and detachable states are required (Crevel et al., 1996) . Tightly bound states sustain force and dissociate slowly under tension, whereas detachable states bind weakly and dissociate rapidly from the microtubule track, thereby making possible the movement of the motor. In the present work we investigate how nucleotide-dependent changes in the enzymatic site can modify the conformation of the distant microtubule binding site and how the nucleotide hydrolysis cycle is coupled to the strength of binding of the motor to its track.
Minor differences between the structures of kinesin and ncd can be found in their surface loops and in two helices . The most variable helix, termed ␣3, exhibits a change in orientation by 20° (Fig. 1 b) . This helix is loosely packed (51% of its surface is solvent-accessible) and its reorientation may be due to the different pH conditions under which ncd and kinesin were crystallized. In ncd, at pH 7.2 , Asp-445 forms a salt bridge with Arg-539. The expected pK a of the corresponding acidic residue Glu-96 in kinesin is 4.4 -4.6 (Cantor and Schimmel, 1980) . At pH 4.6 , kinesin's Glu-96 is considerably more protonated than ncd's Asp-445 at pH 7.2. It is possible that the lower pH in kinesin severs the salt bridge with the corresponding Arg-190. The absence of the salt bridge appears to facilitate the mentioned rotation of the loosely packed helix presented in Fig. 1 b. The arginine residue involved in this putative pH-dependent salt bridge is absolutely conserved among kinesin sequences and is located in close proximity to the nucleotide, raising the question whether Arg-190 is involved in kinesin's enzymatic mechanism. In this work we tested whether at neutral pH Glu-96 may form a salt bridge with Arg-190, and whether differences in the behavior of helix ␣3 can be attributed to the type of bound nucleotide, ATP or ADP.
Unfortunately, researchers have not been able so far to crystallize kinesin in complex with a nonhydrolyzable ATPanalog which would reveal, by comparison with the ADPkinesin crystal structure , the structural mechanism of the force-producing ATP hydrolysis. The surprising homology of the kinesin nucleotide binding region with corresponding regions in myosin and G-proteins, however, led to a plausible model of nucleotide-dependent changes induced in the kinesin structure in the presence of the additional ␥-phosphate of ATP (Vale, 1996) . According to this model, two "switch" loops contact the ␥-phosphate and amplify conformational changes through movement of nearby structural elements. Two residues in particular were identified as putative ␥-phosphate sensors: Ser-202 in the switch I loop, corresponding to the ␥-phosphate sensor Ser-243 in chicken myosin and Thr-35 in p21 ras G-proteins, and Gly-234 in the switch II loop, corresponding to the ␥-phosphate sensor Gly-466 in chicken myosin and Gly-60 in p21 ras G-proteins Sablin et al., 1996) . Alanine substitutions of these residues in kinesin yielded completely inactive motors (R. D. Vale, personal black) and ncd ; white) crystal structures (front view). (a) Kinesin and ncd, in tube-representation, are compared by superimposing the common Mg 2ϩ -ADP complex (gray van der Waals representation). Structure elements discussed in the text are indicated. (b) A putative pH-dependent salt bridge involving conserved residues stabilizes the orientation of helix ␣3. The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) . communication), confirming a critical role of these residues in the mechanochemical cycle.
To predict the structure of ATP-kinesin and to test whether the nucleotide-dependent changes predicted by the switch I/II model arise in this structure, we adopted a computational procedure that enforced geometric constraints based on mutagenesis data and on structural homology. The procedure combines distance constraints with a conformational search technique, simulated annealing (van Laarhoven and Aarts, 1987; Brünger et al., 1990; Brünger, 1991) . This search technique allows proteins to cross barriers between local minima in the hierarchical protein energy surface (Frauenfelder et al., 1991; Huber and McCammon, 1997) faster than would be possible by simulations at room temperature. Simulated annealing thereby accelerates the relaxation of the system from any imposed constraints or from unfavorable interactions. The computational cost of an exhaustive search for global energy minima by simulated annealing is prohibitively high (Huber and McCammon, 1997) . Therefore, we have biased the conformational search by distance constraints that induce minimal, knowledgebased perturbations to the crystal structure of ADP-kinesin.
METHODS

Placement of ␥-phosphate
We modeled ATP-kinesin starting from the ADP-crystal structure . Missing parts of the crystal structure (the N-terminus and part of the disordered loop L11) were added by F. Jon Kull (personal communication) . When ADP is exchanged for ATP, the protein has to provide additional ligands to stabilize the ␥-phosphate. The coordination of the nucleotide is best understood for G-proteins, where the nucleotide binding pocket was found in a more open conformation in the GDP state compared to the GTP state (Mixon et al., 1995; Lambright et al., 1994; Milburn et al., 1990) . We assumed that in kinesin the ␥-phosphate arising under replacement of ADP by ATP in the nucleotide-binding site will not be obstructed by residues of ADP-kinesin. A model of ATP-kinesin must also account for the interactions between the nucleotide and an Mg 2ϩ -ion expected to be associated with ADP or ATP in kinesin. This ion is coordinated by the ␤-and ␥-phosphates in G-proteins (Pai et al., 1989; Noel et al., 1993; Mixon et al., 1995; Lambright et al., 1994; Milburn et al., 1990; Berchtold et al., 1993) and in ATPases such as actin (Kabsch et al., 1990) and myosin (Fisher et al., 1995; Smith and Rayment, 1996) . There are three ␤-oxygens of ADP that could form phosphoester bonds with the ␥-phosphate of ATP. In addition, for each such bond there exist three intrinsically stable conformations characterized through different dihedral angles O ␣ -P ␤ -O ␤ -P ␥ . We superimposed the ATP ␤-and ␥-phosphates from a crystal structure of the protein actin (Kabsch et al., 1990) with the ␤-phosphate of ADPkinesin in the nine possible combinations of ␤-oxygen and dihedral angle O ␣ -P ␤ -O ␤ -P ␥ . We then chose the ATP conformation that exhibited the fewest steric clashes with the protein and properly coordinated the Mg 2ϩ -ion; of the nine possible combinations of ␤-oxygen and corresponding dihedral angle, a single conformation emerged clearly as most favorable in this respect. After construction, the nucleotide was energy-minimized.
Placement of water molecules
Bound water is known to play an important functional role in proteins (Westhof, 1993) . Water molecules that are trapped inside a protein often stabilize its conformation and can be considered an integral part of the protein's structure (Ernst et al., 1995) . Unfortunately, due to their positional disorder, water molecules are, in many cases, not well resolved by x-ray crystallography. Hence, for a realistic simulation of a protein, empty cavities in crystal structures need to be filled by water molecules. We predicted, based on energetic considerations, the position of buried water molecules in kinesin with the program Dowser (Zhang and Hermans, 1996) , using default energetic parameters. Fig. 3 shows the predicted water molecules together with water molecules observed in the crystal structure . Dowser-placed water molecules confirm the position of seven buried crystallographic water molecules and predict six additional water binding sites. We included these six predicted water molecules, together with the crystal water molecules, in our model.
To account for the effect of surface water, the system was immersed in a shell of explicit water molecules of 10 Å thickness, which corresponds to approximately four layers of water molecules (Fig. 3) . The water shell was constructed by covering the outside of the system with a three-dimensional lattice of water cubes provided by X-PLOR (Brünger, 1992) . The cubes of 15.55 Å 3 size each contained 125 water molecules, resulting in uniformly FIGURE 2 Microtubule-binding regions in kinesin. The protein is rotated by 90°relative to the orientation in Fig. 1 . Kinesin is shown in cartoon representation. Mg 2ϩ -ADP is shown in van der Waals representation. A sequence of conserved residues among kinesin family members , EXYX(E/D)XXXDLL, is shown in red (loop L7, 136 -148) . This fingerprint forms the basis of an exposed loop/sheet region (L8/␤5, 149 -163, yellow) which binds to ␤-tubulin (Sosa et al., 1997) . A second conserved fingerprint, (I/V)P(F/Y)R is part of the exposed MT-binding loop L12 (271-280, purple), which is believed to interact strongly with the microtubule (Sosa et al., 1997; Woehlke et al., 1997) . Other putative MT-regions, as identified by Sosa et al., 1997; Woehlke et al., 1997 are helix ␣4 (256 -270, brown) , helix ␣5 (281-290, orange), the tip of loop L11 (243-250, green), and helix ␣6 (306 -321, blue). The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) . distributed water of density 1.0 g cm Ϫ3 H 2 O. After solvation, the total size of ADP-kinesin was 15,599 atoms, and the total size of ATP-kinesin was 15,603 atoms. The two systems each contained 3489 water molecules.
Structural refinement
The kinesin structures were refined by simulated annealing simulation protocols, using a maximum annealing temperature of 500 K. After an initial energy-minimization, the systems were assigned initial velocities according to a Maxwell distribution and heated up to 500 K in steps of 10 K by Langevin dynamics (Pastor, 1994; Brünger, 1992 ) over a 50-ps time period, using a uniform friction constant ␤ ϭ 50 ps Ϫ1 for heavy atoms and ␤ ϭ 0 for hydrogens. The systems were then cooled down from 500 K in steps of 2.5 K over a 120-ps time period (Fig. 4) . The annealing was stopped at the low temperature of 200 K, which quenched the mobility of the cooled system. The final structures were energy-minimized after a total of 170 ps of simulation.
The simulations described in this paper were carried out with the program X-PLOR (Brünger, 1992) . A dielectric constant ⑀ ϭ 1, an integration time step of 1 fs, and a cutoff distance of 12 Å for nonbonded interactions were chosen. The parameters of the CHARMM all-atom force field (Brooks et al., 1983) , version 22, were used to account for the interactions of protein, Mg 2ϩ , and water atoms. The interactions of the ADP and ATP nucleotides were described, in certain cases (specified below), by the force field developed by us (Wriggers and Schulten, 1997b) , and in other cases by the CHARMM force field (Brooks et al., 1983) , version 24. The TIP3(P) water model (Jorgensen et al., 1983 ) was modified by omitting the H-H bond and internal geometry constraints to provide water flexibility. This modification was motivated by molecular dynamics (MD) studies, which demonstrate an improvement of physical properties of flexible water over the rigid TIP3 model (Teeter, 1991; Daggett and Levitt, 1993) . Flexible TIP3P water also exhibits values for the water density, heat of vaporization, and diffusion coefficient as close to the experimental values as those obtained with the original TIP3P model (Steinbach and Brooks, 1993; Guàrdia and Padró, 1996) .
Distance constraints
We employed distance constraints in certain simulated systems to induce desired conformational transitions. Recently, a related technique involving geometric constraints, termed activated molecular dynamics, was successfully applied to induce flap opening events in HIV-1 protease (Collins et al., 1995) . We enforced the proper coordination of the ␥-phosphate in ATP-kinesin by constraining the distance between the ␥-phosphate and Gly-234. The distance between the ␥-phosphorus and the ␣-carbon of Gly-234 was constrained by a Hookean potential to 3.9 Å (distance derived from the geometry of ␤-coordinating residues). We varied the force constant used to constrain the atoms (1.0 and 5.0 kcal mol Ϫ1 Å Ϫ2 ). To test the hypothesis that in kinesin Glu-96 forms a salt bridge with Arg-190 at neutral pH ( Fig. 1) , we induced the formation of the salt bridge by a distance constraint between atom HH22 of Arg-190 and Glu-96. To avoid favoring one acidic oxygen of Glu-96 over the other, the carbon CD atom was chosen as a constraint point. The minimum of the Hookean potential FIGURE 3 Placement of buried and solvent water molecules. Twenty-nine crystal water molecules are shown in black van der Waals representation. The protein is represented by a backbone trace. The nucleotide is rendered in licorice style. We predicted the position of buried water molecules with the program Dowser (Zhang and Hermans, 1996) . The predicted water molecules are shown in white van der Waals representation. Seven of the crystal water molecules are buried. The positions of these water molecules were confirmed by Dowser. In addition, Dowser found six empty cavities in the protein structure, which are likely occupied by water molecules (some water molecules are obstructed from view). Also shown (in white line representation) are selected water molecules surrounding the protein that represent the solvent shell included in the present simulations. The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) .
was at a distance of 2.4 Å, derived from the distance between Asp-445 and Arg-539 in the crystal structure of ncd .
An overview of the annealing runs is given in Table 1 . [The resulting structures are available via anonymous ftp at ftp://ftp.ks.uiuc.edu/ in directory /pub/projects/kinesin/structures.] A first, exploratory series of annealing runs in the absence of distance constraints involved ADP-kinesin, ATP-kinesin, and nucleotide-free kinesin. The resulting structures will be referred to as SD, ST, and SF, respectively. The SF structure served to evaluate the stability of the enzymatic site, which remained stable in the absence of the nucleotide. In a second round of annealing runs, ADPkinesin was again unconstrained, but in this case the run started with a set of random initial velocities different from the one used in the refinement of structure SD. ATP-kinesin was simulated with a weak (1.0 kcal mol
) constraint between the ␥-phosphate and Gly-234. The two resulting structures are termed AD and AT, respectively. A third series of annealing runs was carried out with a strong (5.0 kcal mol Ϫ1 Å Ϫ2 ) constraint of the Glu-96 -Arg-190 distance in ADP-kinesin, and a strong constraint of the distance between the ␥-phosphate and Gly-234. The corresponding structures are termed BD and BT. In a fourth round of annealing runs of unconstrained ADP-kinesin and of ATP-kinesin with a strong constraint between the ␥-phosphate and Gly-234, we altered the mentioned nucleotide force fields (Wriggers and Schulten, 1997b; Brooks et al., 1983) to verify the independence of the behavior of the nucleotide conformation on the choice of the specific force field (Table 1 ). The resulting structures will be referred to as CD and CT. Finally, a fifth series of annealing runs involved a strong constraint of the Glu-96 -Arg-190 distance in ADP-kinesin and strong constraints of the distances Glu-96 -Arg-190 and ␥-phosphate-Gly-234 in ATP-kinesin. The corresponding structures are termed DD and DT, respectively.
Analysis of structures
Fluctuations
Root-mean-square fluctuations i exhibited by atoms i in a set of leastsquares fitted (Kabsch, 1976) structures k ϭ 1, 2, . . . , N were computed according to
where ⌬r i is the atomic displacement of atom i from its average position in the N structures chosen. The fluctuations were then averaged over the atoms of a residue and plotted as a function of residue number. Crystal
The temperature as a function of simulation time during the refinement of structure ST (Table  1) . The nucleotide force fields used include Wriggers and Schulten, 1997b , and the CHARMM force field (Brooks et al., 1983) , version 24.
B-factors (R. J. Fletterick, personal communication) were compared with the atomic fluctuations using the relationship
where B i is the B-factor corresponding to atom i and ͗ . . . ͘ C denotes the spatiotemporal average of squared displacements ⌬r i in the crystal. The square root of the rhs in Eq. 2 was averaged over the atoms of a residue and compared to the atomic fluctuations (Eq. 1) exhibited by the predicted structures.
Hinge rotations
Hinge-bending movements of rigid domains about flexible joints are the dominating type of conformational changes documented in the Brookhaven protein data bank (Gerstein et al., 1994) . Hinge-bending is also believed to allow an induced fit of molecular surfaces in protein assembly and ligand docking (Sandak et al., 1996) . We examined the movements of kinesin's structural domains that can be considered to undergo rigid body motions relative to a bound microtubule with the Hingefind algorithm (Wriggers and Schulten, 1997a) . This method identifies and visualizes effective rotation axes (hinges) of the relative movement of such domains. The identification of a hinge axis and the corresponding rotation angle provides a reduced representation of the complex movements exhibited by kinesin.
RESULTS
Kinesin's enzymatic site
To prepare kinesin's structure for the investigation of nucleotide-dependent changes, the ATP ␥-phosphate was placed into the crystal structure of ADP-kinesin as described in Methods. Fig. 5 presents the position of the ␥-phosphate in structure CT. The phosphate is found to be close to Ser-202 in kinesin's switch I region and to Gly-234 in the switch II region, consistent with the suggestion that these residues form a ␥-phosphate sensor Vale, 1996) . A comparison of the ATP-structures ST, AT, BT, CT and DT (Table 1) revealed that a constraint of strength 5.0 kcal mol Ϫ1 Å Ϫ2 was necessary to induce a contact between Gly-234 and the ␥-phosphate, due to the presence of slowly diffusing water molecules in the exposed enzymatic pocket. The constraint on Gly-234 also resulted in a close contact of the ␥-phosphate with the switch I loop at Ser-202, i.e., the latter contact did not result from a respective constraint.
Hydrolysis of ATP occurs by attack of a water molecule on the ␥-phosphate (Fersht, 1985) . One expects an in-line mechanism of hydrolysis, in which the nucleophilic water approaches the ␥-phosphorus from the side opposite to the O ␤ -P ␥ bond (Knowles, 1980) . In the structures of ATPkinesin that emerged from this study one cannot identify with certainty any water molecule that is in a position to attack the phosphorus. Several water molecules that could be poised for the attack are found within 3-5 Å of the ␥-phosphate (Fig. 5) . The rate of cleavage of the O ␤ -P ␥ bond is slow for solvated kinesin (9 s Ϫ1 ), but is increased ϳ10-fold by binding of kinesin to a microtubule (Ma and Taylor, 1995a, b) , suggesting that functional groups that depend on the conformation of the microtubule-binding site could be activating the attacking water molecule or the ␥-phosphate, or both. An activation mechanism involving the serine corresponding to kinesin's Ser-202 was proposed for myosin (Fisher et al., 1995) . In this model, the serine first prepares the water molecule by constraining its position relative to the ␥-phosphate and then acts as an intermediary in the proton transfer from the hydrolytic water to the phosphate.
We can identify Lys-91 as a catalytic base that coordinates both the ␤-and the ␥-phosphate with its positively charged amino group (Fig. 5) . The ␤-␥-coordinated lysine, which is also found in G-proteins (Pai et al., 1989; Berchtold et al., 1993; Noel et al., 1993) , could serve, along with Mg 2ϩ , to stabilize the negative charge developed on the pentacoordinated ␥-phosphorus in the transition state of the hydrolysis, thereby leading to enhanced catalysis.
A rendering of the molecular surface of kinesin's catalytic site (Fig. 6 ) reveals that ATP is bound in a sunken pocket. The mentioned catalytic Lys-91 is buried underneath the ␥-phosphate. The enzymatic pocket has a solvated extension at the ␥-phosphate site which could provide an attacking water molecule for the hydrolysis reaction. A simulation of phosphate release from the ATPase actin (Wriggers and Schulten, manuscript in preparation) indicated that the cleaved phosphate rotates about the attached divalent cation by 70°due to electrostatic repulsion from the ␤-phosphate prior to dissociation from the ion. A movement of phosphate by 3.4 Å after cleavage was also observed in crystal structures of the ATPase fragment of the bovine 70-kDa heat shock cognate protein (Flaherty et al., 1994) . The solvated extension of kinesin's enzymatic pocket (Fig.  6 ) is large enough to accommodate such movements of the phosphate.
FIGURE 5 Position of the ␥-phosphate in the structure CT (Table 1) . ADP is shown in black licorice style, the ␥-phosphate is rendered white. Also shown are the nucleotide-associated Mg 2ϩ ion (white van der Waals sphere) and three residues that coordinate the ␥-phosphate. Water oxygens within 5 Å of the phosphate are indicated by black spheres. The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) .
Conformational variability
It is instructive to characterize the conformational diversity exhibited by the structures before we discuss in detail kinesin's nucleotide-dependent conformational changes. The various resulting structures (Table 1) can be considered to form an ensemble representing the flexibility of the protein under the respective conformational perturbations. In Fig. 7 we compare the spatial variability exhibited by the 10 nucleotide-bound structures (Eq. 1) with spatiotemporal disorder exhibited by kinesin in the crystal calculated from crystallographic B-factors (Eq. 2). In the crystal, residues 1-7, 325, and 326 were too mobile for B factors to be observed. Of the remaining 317 residues, 49% exhibited fluctuations exceeding the crystal mobility by Ͼ30%. A small (3%) fraction of the residues showed fluctuations that were smaller by at least 30%. About half (48%) of the residues exhibited fluctuations within 30% of the crystal values. The fluctuations from the crystal B-factors appear to form a lower bound for the differences between the predicted structures (Fig. 7) . The agreement of the observed and calculated fluctuations was better for the relatively rigid (ϳ1 Å mobility) residues of kinesin's ␤-sheet core region, e.g., residues 9 -14, 79 -87, 206 -210, 227-234, and 296 -302, whereas several flexible, exposed structure elements exhibited high mobility (3-4 Å). These flexible elements include the solvent exposed loop L1 and helix ␣1 (Fig. 1) ; the exposed loop L5 (Fig. 2) , which is variable between kinesin and ncd crystal structures ; the ␣2 and L10 tip of kinesin's arrowhead-shaped structure (Fig. 1) ; the variable helix ␣3 (Fig. 1) ; and the microtubulebinding regions L8, L11, L12, and ␣6 (Fig. 2) . Fig. 8 illustrates the conformational flexibility of kinesin. There is considerable movement in the tip of the structure, which is believed to form an interface with the second head in the dimer of ncd (Sosa et al., 1997) . The orientation of loop L10 differs by as much as 15°between the various structures. The conformation of loop L11, which is believed to form a microtubule-binding plug (Sosa et al., 1997) , appears to be very disordered. Atomic positions in this loop differ by as much as 5 Å. This flexibility of loop L11 comes as no surprise, since its tip (residues 238 -254) was not part FIGURE 6 Topography of kinesin's ATP-binding site. A spherical excision of radius 15 Å centered at the ␥-phosphorus reveals the surface relief of structure CT (Table 1) in the vicinity of the nucleotide (black licorice representation). Water oxygens within 15 Å of the ␥-phosphorus are shown as white spheres. Amino acid residues on the rim of the indented nucleotide-binding site are indicated. The arrow points to an extension of the enzymatic pocket filled with water. The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) . FIGURE 7 Fluctuations (Eq. 1) exhibited by the resulting nucleotidebound kinesin structures (dotted lines), and fluctuations calculated from crystal B factors (Eq. 2; solid lines). For the regions of high flexibility, structure elements are indicated. of the reported kinesin structure due to disorder in the crystal.
The deviation of the calculated data from the crystal fluctuation data (Fig. 7) is not unexpected and may arise for several reasons. First, the simulated annealing approach, involving temperatures of up to 500 K, increases the sampling of conformational space compared to fluctuations at room temperature. Second, the absence of crystal packing constraints in the model systems gives the exposed regions, indicated in Fig. 7 , more motional freedom. Crystal constraints sometimes quench the mobility of exposed regions or even induce conformational changes in a protein, as exemplified by mobile regions in the NMR solution structure of the kinesin-related p21 ras G-protein (Kraulis et al., 1994) , which exhibits significant deviations from corresponding, well-defined regions in the crystal structure (Milburn et al., 1990) . Third, any nucleotide-dependent movements in the systems may contribute to the exhibited conformational diversity. A comparison of fluctuations derived from samples composed of structures with like nucleotides (Fig. 9 ) reveals that the enhanced fluctuations of loop L8 and helix ␣3 can be attributed to differences arising from the replacement of ADP by ATP. The fluctuations shown in Fig. 9 indicate a lower mobility (3 Å) of the tip of loop L8 in contrast to the high fluctuations of 4.5 Å observed in the full set of structures (Fig. 7) . Similarly, the mobility of helix ␣3 is reduced to values below 1.5 Å in either ADP-kinesin or ATP-kinesin. Lower fluctuations are also observed for helix ␣6 (Fig. 9, a and b) and the loops L5, L11, and L12 of the ATP-bound structures (Fig. 9 b) . Other variable regions shown in Fig. 9 exhibit fluctuations close to those observed in the full set of structures (L1, ␣1, ␣2, L10), suggesting that these movements are independent of the bound nucleotide.
Structure elements that exhibit nucleotide-dependent flexibility correspond to kinesin's microtubule binding regions (Fig. 2) . In the following sections we will discuss how the conformation of these elements is correlated with the type of bound nucleotide.
The salt bridge Glu-96 -Arg-190
To test the hypothesis that residues Glu-96 and Arg-190 form a salt bridge at neutral pH and that this salt bridge may be involved in nucleotide-dependent conformational changes, we simulated ADP-and ATP-kinesin in the presence and absence of the Glu-96 -Arg-190 distance constraint (Fig. 10) . In ADP-kinesin, the structures showed a propensity to decrease the distance between Glu-96 and Arg-190. The orientation of helix ␣3 and the conformation of loop L9 appeared to be insensitive to the imposed constraint, and the salt bridge Glu-96 -Arg-190 formed readily when the two residues were pulled within hydrogen-bonding distance of each other. Our results suggest that, on one hand, in ADP-kinesin Glu-96 and Arg-190 form a salt bridge at neutral pH similar to that found in ncd (Fig. 1) . On the other hand, in unconstrained ATP-kinesin, the distance between Glu-96 and Arg-190 increased and helix ␣3 rotated by 18°away from the nucleotide, relative to its orientation in ADP-kinesin. When Arg-190 was pulled toward Glu-96, a kink developed in helix ␣3 that was accompanied by a movement of loop L9 toward the nucleotide. The movement of Arg-190 did not stabilize the desired salt bridge with Glu-96. Instead, the movement induced a salt bridge between (Fig. 10) .
The rotation of helix ␣3 (residues 176 -189) by far exceeds angular fluctuations originating from disorder in the (Humphrey et al., 1996). structures. The helix (length 18 Å) exhibits fluctuations of 1.8 Å at its N-terminal end and fluctuations of 1.2 Å at its C-terminal end (Fig. 9) . It can be shown (see Appendix, Eq. 12) that this movement corresponds to an angular fluctuation of only 2.8°, which is small compared to the observed rotation angle of 18°.
An inspection of the structures revealed that the differences in the behavior of ATP-kinesin in the presence and absence of the Glu-96 -Arg-190 distance constraint may originate from changes in a second salt bridge, Glu-199 -Arg-203, which is located near the ␥-phosphate. In unconstrained ATP-kinesin (structures BT and CT) the contact of Ser-202 with the ␥-phosphate forced Arg-203 to break from Glu-199, which resulted in a shift of loop L9 (residues 190 -197) away from the nucleotide (Fig. 10 b) . In the constrained structure DT, however, the salt bridge Glu-199 -Arg-203 remained stable, as observed in the ADPbound crystal structure. A break-up of the charge pair Glu-199 -Arg-203 was predicted in the report of kinesin's crystal structure (Fig. 3 b in Kull et al., 1996) . The authors suggested that in ATP-kinesin Arg-203 may form a new salt bridge with Glu-236. Indeed, in the structures BT and CT we observed that Arg-203 moved toward Glu-236 by 3 Å, reducing their separation to about half the value observed in the ADP-bound crystal structure. Two of the three unconstrained ADP-kinesin structures (AD and CD) also exhibited a break-up of the charge pair Glu-199 -Arg-203 and a stronger interaction Arg-203-Glu-236, whereas in the ADPkinesin structures BD and DD, the salt bridge Glu-199 -Arg-203 was stable in the presence of the Glu-96 -Arg-190 distance constraint. Our results indicate that the break-up of the salt bridge Glu-199 -Arg-203 is correlated with the formation of a Glu-96 -Arg-190 salt bridge.
Allosteric effects in kinesin
It is an intriguing question how conformational changes in kinesin's nucleotide binding site can be amplified and transmitted to the microtubule-binding site. The rigidity of kinesin's ␤-sheet core region suggests that changes are propagated on the exposed surface of the protein, as exemplified by the rotation of helix ␣3 (Fig. 10) . To identify other nucleotide-dependent movements, we superimposed ADPkinesin (represented by an average of the structures BD and DD) and ATP-kinesin (represented by an average of the structures BT and CT) by their ␤-sheet core region (Fig.  11) . For the illustration, kinesin's ␥-phosphate sensing movements were separated into movements that can be attributed to either the switch I or the switch II ␥-phosphate contact. The changes triggered by switch I involve a movement of loop L7 by 2 Å toward the nucleotide and a shift of loop L9 by 2 Å away from the nucleotide. This movement facilitated the described rotation of helix ␣3 by 18°and the break-up of salt bridge (Fig. 10) . These changes are relayed to the microtubule-binding face through a shift of residues in kinesin's L8/␤5 region by 4 -5 Å (Fig.  11 a) . This nucleotide-dependent movement is large compared to the spatial disorder of 1-3 Å observed for residues 149 -163 (Fig. 9) .
Conformational changes induced by switch II are best understood in G-proteins (Vale, 1996) . In the presence of GTP, movements of the glycine corresponding to kinesin's Gly-234 change the angle or partially melt portions of the subsequent helix (Berchtold et al., 1993; Lambright et al., 1994; Milburn et al., 1990; Mixon et al., 1995) . In kinesin, the contact of the ␥-phosphate with Gly-234 pulls the base of the microtubule-binding loop L11 by 2 Å toward the nucleotide (Fig. 11 b) . This movement induces a rotation of the microtubule-binding helix ␣4 by 10°and a shift of the microtubule-binding loop L12 by 3 Å. Nucleotide-dependent movements of the microtubule-binding helices ␣5 and ␣6 (not shown) are predicted to be small. While the movement of loop L12 is of the same magnitude as the observed disorder of 3 Å (Fig. 9) , the rotation of helix ␣4 (residues 256 -270) is large compared to angular disorder. The helix (length 23 Å) exhibits fluctuations of 1.5 Å at both ends (Fig. 9) . As discussed in the Appendix (Eq. 12), this mobility corresponds to an angular fluctuation of 2.2°, which is small compared to the observed rotation angle (10°). (black) with constrained ATP-kinesin represented by structure DT (white). The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) .
Microtubule interactions
The emerging model of the kinesin-microtubule complex (Sosa et al., 1997; Woehlke et al., 1997) made it possible to characterize the direction relative to the microtubule and the magnitude of the nucleotide-dependent movements of kinesin predicted in this work. Nucleotide-dependent changes control the conformation of four of kinesin's ␤-tubulin binding regions (L8, L11, ␣4, L12), which were found by cryoelectron microscopy to form the major interaction between the motor domain and the protofilament (Sosa et al., 1997) . [An animation of kinesin's nucleotide-dependent conformational changes is provided at URL ftp://ftp.ks. uiuc.edu/pub/projects/kinesin/movie.html.] These regions overlap with the binding-interface identified in mutagenesis studies, which involves primarily the structure elements L7/L8, L11, and L12/␣5 (Woehlke et al., 1997) . To illustrate the effect of the bound nucleotide on the interaction with a microtubule, we superimposed in Fig. 12 the model structures of ADP-and ATP-kinesin with the L7/L8 and L12/␣5 binding regions, as identified by Woehlke et al., 1997 , and aligned the protein to the microtubule surface as described by Sosa et al., 1997 . We excluded loop L11 from the atom subset chosen for superposition, because L11 was found to be very flexible (Fig. 8) and it was not defined by the crystallographic data . Fig. 12 illustrates that the nucleotide-dependent conformational change corresponds to a rotation of kinesin relative to the microtubule when superimposed by the regions L7/L8 and L12/␣5. In the presence of ATP, the shape of kinesin's microtubule-binding face complements the shape of the microtubule surface and brings the ␤-tubulin binding helix ␣4 and the ␣-tubulin binding helix ␣6 in close proximity to the microtubule. The movement also allows loop L11 to project further into the groove between two microtubule protofilaments. In the presence of ADP, the microtubulebinding face acquires a more convex shape, which appears to weaken the protein-microtubule interactions. The position of the hinge-axis, determined by Hingefind (Wriggers and Schulten, 1997a) , at the microtubule surface is intriguing, since it suggests a rotation of the protein about a flexible joint between kinesin and the microtubule close to the high affinity region L12/␣5. Relative to ADP-kinesin, this movement would rotate ATP-kinesin by 6.7°in the direction of the microtubule minus end.
Our choice of superimposing the structures by the regions L7/L8 and L12/␣5 was based on the results of Woehlke et al., 1997 . It is possible to superimpose the structures by other combinations of putative binding regions determined by cryoelectron microscopy (Sosa et al., 1997) . For example, we superimposed the model structures of ADP-and (6) the contact of Gly-234 with the ␥-phosphate; (7) a shift of the basis of loop L11 by 2 Å toward the nucleotide; (8) a rotation of helix ␣4 by 10°; (9) a shift of loop L12 by 3 Å. The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) . ATP-kinesin also by their L12, ␣4, and ␣6 binding regions. The alignment to the microtubule track of the structures, superimposed such, resulted in a loss of contact of loop L8 in ADP-kinesin; also, the ATP-bound protein rotated by 5.2°in the direction of the microtubule plus-end relative to ADP-kinesin (not shown). The latter result implies that the direction of the nucleotide-dependent rotation of the kinesin head relative to the microtubule could be determined by the relative binding affinities of the microtubule binding regions, which may differ among the various members of the kinesin superfamily (Barton and Goldstein, 1996; Hirokawa, 1996) .
The observed amplitudes of the nucleotide-dependent rotation of kinesin relative to the microtubule are larger than one would expect from thermal disorder in the structures. An analysis of rms fluctuations derived from structures bound to like-nucleotide (Fig. 9) indicates that kinesin's microtubule binding regions L7/L8, L12, and ␣6 undergo fluctuations of 2.9 Å, 2.8 Å, and 2.0 Å, respectively. These fluctuations correspond (Appendix, Eq. 12) to the following rms fluctuations ␣ of the angular orientation between ATPkinesin (average of structures BT and CT) and ADP-kinesin (average of structures BD and DD): ␣ ϭ 3.8°, when the structures are superimposed by regions L7/L8 and L12/␣5 (interface of width 25 Å, enclosed by L7/L8 and L12), and ␣ ϭ 2.3°, when the structures are superimposed by regions L12, ␣4, and ␣6 (interface of width 35 Å, enclosed by L12 and ␣6). Compared with the actual rotations of 6.7°and 5.2°, the small fluctuations in the orientation of the protein indicate that the observed change in the shape of kinesin's microtubule-binding face is most likely a consequence of the described allosteric effect rather than due to disorder in the structures.
DISCUSSION
By using simulated annealing, we identified conformational changes in kinesin's nucleotide binding site that are induced by the exchange of ADP by ATP. We demonstrated nucleotide-dependent allosteric effects and determined structural changes in kinesin that can be attributed to force-producing ATP hydrolysis. Our modeling effort relied on the assumption that one can arrive at structures closely resembling solvated ADP-and ATP-kinesin at neutral pH by means of few perturbations applied to the crystal structure of ADP- Sosa et al., 1997, are helix ␣4 (256 -270, brown) , the tip of loop L11 (243-250, green), and helix ␣6 (306 -321, blue). The view is identical with Fig. 4 a in Sosa et al., 1997 . The microtubule-protofilament surface is shown as a solid line, the surface corresponding to the grove between two microtubule-protofilaments as a dotted line (Sosa et al., 1997) . The microtubule plus-end is at the right. An arrow (red) represents the hinge-axis about which the protein rotates in this model. The figure was generated with the molecular graphics program VMD (Humphrey et al., 1996) . kinesin . The applied perturbations included the addition of the ATP ␥-phosphate as well as distance constraints that were based on various observations. Our model did not account for the effect of bound microtubules on the protein conformation. Microtubules induce conformational changes in kinesin that accelerate ATP hydrolysis 10-fold (Ma and Taylor, 1995a, b) and nucleotide exchange more than 1000-fold (Hackney, 1988) . Despite the neglect of microtubule-induced effects, the agreement of our results with structural and biochemical evidence, as outlined in the following, suggests their validity.
The trigger for nucleotide-specific conformational changes in kinesin resides in the immediate vicinity of the ␥-phosphate. As predicted earlier (Vale, 1996) , kinesin's residues Gly-234 and Ser-202, which are equivalent to residues Gly-466 and Ser-243 in chicken myosin (Rayment et al., 1993) and to glycine and threonine residues in Gproteins (Vale, 1996) , are involved in the sensing of the phosphate. The second serine in the ␥-phosphate vicinity, Ser-201, which could compete with Ser-202 for coordination of the phosphate, did not make such contact. Mutagenesis experiments demonstrate that S202A mutants are inactive, whereas S201A kinesin still exhibits movement in motility assays, although reduced 10-fold, compared to wild-type kinesin (R. D. Vale, personal communication) . The experiments thus appear to favor Ser-202 over Ser-201 as the potentially ␥-phosphate-sensing amino acid in the switch I loop, consistent with our results.
The switch I contact at Ser-202 relays conformational changes to the regions L7, L8, L9, and ␣3. The predicted structures suggest that at neutral pH a salt bridge Glu-96 -Arg-190 forms in the presence of ADP and breaks in the presence of ATP. The rotation of helix ␣3 by 18° (Fig. 10 ), which appears to be stabilized by this charge pair, is similar to the difference in orientation by 20°when ncd and kinesin structures are compared (Fig. 1 b) .
The switch II contact at Gly-234 provides a second conformational link between kinesin's microtubule-binding face and the nucleotide. Gly-234 serves as an anchor for the microtubule-binding regions L11, ␣4, and L12: when in contact with the ␥-phosphate of ATP-kinesin, the residue pulls loop L11 closer to the nucleotide relative to ADPkinesin which, in turn, relays conformational changes to helix ␣4 and loop L12. A similar mechanism of switch II-triggered nucleotide-dependent changes was reported for myosin; according to this mechanism elements corresponding to kinesin's L11 and ␣4 are displaced in response to movement of a glycine (equivalent to kinesin Gly-234) toward the A1F 4 in an ADP-A1F 4 crystal structure (Fisher et al., 1995) .
Kinesin's affinity for binding to the microtubule track changes during the hydrolysis cycle. In the presence of ATP and in nucleotide-free kinesin, the interaction with the microtubule is strong, and in the presence of ADP, the binding affinity is low (Romberg and Vale, 1993; Brady, 1985; Block et al., 1990; Crevel et al., 1996; Rosenfeld et al., 1996a) . The simulation results presented in this work are consistent with the physical and biochemical evidence. We demonstrated that the nucleotide acts as an allosteric modifier of kinesin's microtubule-binding face. Specifically, our results suggest that the central section of ADP-kinesin's microtubule binding face bulges toward the microtubule after the loss of ␥-phosphate. The conformational change would disrupt the putative contact formed by helices ␣4 and ␣6 assuming that ADP-kinesin binds exclusively to ␤-tubulin (Woehlke et al., 1997) . The hydrolysis of ATP would correspond to a rotation of kinesin by 7°toward the plusend of the microtubule.
The magnitude and direction of the predicted rotation of kinesin differs from the findings of Hirose et al., 1995. These authors observed by electron microscopy at 35 Å resolution a change of appearance of kinesin-decorated microtubules that was interpreted as an angular change of ATP-kinesin by 45°relative to ADP-kinesin toward the microtubule plus-end. However, the result of Hirose et al. was not reproduced by different methods or at higher resolution. It is possible that a change in the mobility of kinesin from a mobile diphosphate state to a highly ordered triphosphate state (Hirose et al., 1995) led to changes in kinesin's appearance. We expect that the rapid progress in the field will soon lead to further evidence that unambiguously determines the directionality of kinesin's nucleotide-dependent movement relative to the microtubule.
Kinesin's putative working stroke of 8 nm (Svoboda et al., 1993) is too long to be caused by the conformational changes presented in this work or by any other conceivable change in a single motor domain. One hypothesis is that movement of the second, unattached head in the kinesin dimer relative to the attached head amplifies the ATPdriven conformational change (Howard, 1997) . In principle, this movement could be accomplished by diffusion or by a direct conformational link between the heads (a lever arm) or by both. Kinetic studies demonstrated that kinesin's two heads move along cytoskeletal filaments in a cooperative manner, in which the binding of ATP to an attached head induces binding to the microtubule and subsequent ADPrelease in the other, unattached head that is paused in the ADP-state Gilbert et al., 1995; Berliner et al., 1995; Hackney, 1994; Ma and Taylor, 1997) . This mechanism could facilitate a rotation of the monomers (Howard, 1996) in a hand-over-hand mechanism of motion (Hackney, 1994) . Structural details of this interaction between the heads are unknown, although fluorescence spectroscopy measurements provided evidence of a hinge between the motor domains, whose flexibility may change during kinesin's hydrolysis cycle (Rosenfeld et al., 1996b) .
The structures presented in this work exhibit significant flexibility in the tip of the arrowhead-shaped motor domain ( Fig. 8 b) ; this flexible tip forms an interface to the second head in the ncd dimer (Sosa et al., 1997) , consistent with the idea of a hinge between the two heads. The crystal structure of dimeric kinesin may allow one to investigate an allosteric coupling between the two motor domains. Knowledge of the dimer interface would permit an interpretation of the effect of thermal variability and of nucleotide-dependent conformational changes on the relative orientation of the monomers. Since computer simulations of biomolecular systems of 100,000 atoms have become feasible, the tumbling motion of two kinesin heads in a solvated kinesin dimer is amenable to further modeling studies.
APPENDIX
We seek to derive estimates of angular disorder exhibited by a threedimensional vector l ជ ϭ x ជ 2 Ϫ x ជ 1 in terms of the spatial disorder exhibited by its two end points x ជ i (i ϭ 1, 2). Noise-related displacements of the end points are described by
where the x ជ i0 describe the average position of x ជ i , and the displacements ⌬x ជ i are three-dimensional random vectors of standard deviation i (i ϭ 1, 2). For averages ͗ . . . ͘ in the limit of a large number of realizations of random displacements holds ͗⌬x ជ i ͘ ϭ 0 and ͗⌬x ជ i 2 ͘ ϭ i 2 (i ϭ 1, 2). We are interested in fluctuations in the angular orientation exhibited by l ជ about a perpendicular axis r ជ (view direction). The displacements ⌬x ជ i can be characterized by coefficients ⌬a i , ⌬b i , ⌬c i in the coordinate system defined by l ជ , r ជ, and the cross product l ជ ϫ r ជ:
The averages of ⌬a i , ⌬b i , ⌬c i vanish and for the variances holds ͗⌬x ជ i 2 ͘ ϭ ͗⌬a i 2 ͘ ϩ ͗⌬b i 2 ͘ ϩ ͗⌬c i 2 ͘ ϭ i 2 ͑i ϭ 1, 2͒. (5) We assume isotropic random displacements, i.e., ͗⌬a i 2 ͘ ϭ ͗⌬b i 2 ͘ ϭ ͗⌬c i 2 ͘ ϭ 1 3 i 2 ͑i ϭ 1, 2͒.
The angular change of the orientation of l ជ as seen by the viewer, ⌬␣, is given by tan͑⌬␣͒ ϭ ⌬c 2 Ϫ ⌬c 1 ͉l ជ ͉ .
For small ⌬␣ (expressed in radian units) tan(⌬␣) Ϸ ⌬␣. It is straightforward to derive the standard deviation of the angular change, ␣ ϭ ͌ ͗⌬␣ 2 ͘, with the help of Eq. 6 in this limit of small angular changes:
The standard deviations 1 and 2 can be identified with the rms fluctuations (Eq. 1) exhibited by the two ends of an extended protein structure segment, whose angular disorder ␣ relative to the observer we seek to estimate.
Angular disorder estimated for two averaged sets of coordinates
In a structure derived from an average of two sets of coordinates (I and II), the variances of the random displacements in an individual set of coordinates are given by
The observed displacements ⌬x ជ i (Eq. 3) average to
We can compute the variances of the ⌬x ជ i with the help of Eq. 9:
͗⌬x ជ i 2 ͘ ϭ 1 2 i 2 ͑i ϭ 1, 2͒.
The angle rms fluctuations ␣ are then
